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Regeneration of the spinal cord occurs spontaneously in adult urodele amphibians. The key cells in this regenerative process
appear to be the ependymal cells that following injury migrate and proliferate to form the ependymal tube from which the
spinal cord regenerates. Very little is known about the signal(s) that initiates and maintains the proliferative response of
these cells. Fibroblast growth factor 2 (FGF-2) has been shown to play a role in maintaining neural progenitor cell cycling
in vitro and may be important for neuronal survival and axonal growth after injury. We have investigated its role in
regeneration of the spinal cord in vivo following tail amputation in the adult salamander, Pleurodeles waltl. We show that
nly the low-molecular-weight form of FGF-2 is found in Pleurodeles and that in the normal cord it is expressed in a subset
f neurons, but is hardly detectable in ependymal cells. Tail amputation results in induction of FGF-2 in the ependymal cells
f the regenerating structure, and later in regeneration FGF-2 is up-regulated in some newborn neurons. FGF-2 pattern of
xpression in the ependymal tube parallels that of proliferation. Furthermore, exogenous FGF-2 significantly increases
pendymal cell proliferation in vivo. Overall our results strongly support the view that one important role of FGF-2 during
spinal cord regeneration in Pleurodeles is to induce proliferation of neural progenitor cells. © 2000 Academic Press
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Spinal cord and brain injuries in humans usually result in
crippling conditions because of the limited ability of the
mammalian central nervous system (CNS) to repair itself.
In contrast, lower vertebrates, such as fish and urodele
amphibians, can regenerate large areas of their spinal cord
as adults (Clarke and Ferretti, 1998). The regenerative
capacity of the CNS in urodele amphibians is dramatically
illustrated following complete amputation of the tail. Here
the whole tail is replaced by regenerative processes that
take place at or close to the plane of amputation and this
includes the generation of new neurons and glia that
become organized to form a spinal cord with apparently
normal structure and function (Holtzer, 1956; Nordlander
and Singer, 1978).
Although the mechanisms underlying CNS regeneration
in amphibians are not understood, the capacity of cells at
the amputation plane to replenish lost neurons and glia is
clearly fundamental to this ability and is in contrast to
0012-1606/00 $35.00
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All rights of reproduction in any form reserved.pparent lack of regenerative response in mammalian cord
ells. The initial events following either transection of the
ewt spinal cord or removal of its posterior part by tail
mputation have been thoroughly described at the morpho-
ogical level. Though there may be some differences in the
egenerative process after tail amputation and cord transec-
ion, these studies have suggested that in both cases the
nitial event of spinal cord regeneration is the induction of
igratory behavior in the cells that line the central canal
ostral to the plane of amputation (Arsanto et al., 1992;
utler and Ward, 1967; Egar and Singer, 1972; Holtzer, 1956;
ordlander and Singer, 1978; O’Hara et al., 1992). These
ells are usually called ependymal cells and many if not all
f them retain the structure of radial glial cells throughout
ife (Holder et al., 1990). The migrating ependymal cells are
hought to seal off the cut stump of the cord forming the
o-called terminal vesicle and begin to proliferate giving
ise to an extending ependymal tube from which the new
ord is generated.
Very little is known about the signal(s) that triggers and
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382 Zhang, Clarke, and Ferrettimaintains the proliferative response of the cells that give
rise to the regenerated spinal cord. This is probably initiated
by the up-regulation or de novo expression of one or more
growth factors. Among the factors which may play a sig-
nificant role in spinal cord regeneration is fibroblast growth
factor 2 (FGF-2), a member of a large family of small peptide
growth factors with multiple biological activities (Szebenyi
and Fallon, 1999). FGF-2 has been shown to play a role in
neural induction, in maintaining neural progenitor prolif-
eration and keeping them undifferentiated in vitro, and in
ontrolling neural differentiation (Alvarez et al., 1998;
alyani et al., 1997; Mason, 1996; Pittack et al., 1997; Qian
t al., 1997). In the adult CNS FGF-2 is expressed in
strocytes and in subsets of neurons, and up-regulation of
GF-2 expression after injury has been reported. Early after
ortical injury (4 h–3 days), FGF-2 expression is mainly
bserved in macrophages and/or microglia and is later
ound in reactive astrocytes (Frautschy et al., 1991; Gomez
inilla et al., 1992). The role and relevance of this up-
egulation has yet to be fully elucidated. It has been
uggested that FGF-2 may have neuroprotective activities,
s when its expression is blocked in injured rat cortex,
trophy of dendritic arbor is higher than in controls (Rown-
ree and Kolb, 1997). However, it has also been suggested
hat following injury the increase in FGF-2 and FGFR
fibroblast growth factor receptor) expression observed
ould induce astrocyte proliferation and contribute to
strogliosis, which has a negative effect on regeneration
Gomez Pinilla et al., 1995, 1997; Reilly and Kumari, 1996).
nterestingly, at early developmental stages exogenous
GF-2 can induce regeneration of the chick retina (Baird,
994; Park and Hollenberg, 1993; Peterson et al., 1996).
herefore, although the role of FGF-2 in nervous system
evelopment and repair has been much investigated in
ecent years, it is still unclear whether this factor plays a
rimary role in neural progenitor proliferation in vivo and
what its role in response to CNS injury is. Furthermore, it
is not known whether FGF-2 plays a role in vivo in systems
which do regenerate their CNS. In order to gain further
insight in the role of FGF-2 in proliferation of neural
progenitors and in CNS regeneration in vivo, we have
studied its expression in the urodele amphibian Pleurodeles
waltl, as this species can regenerate the spinal cord very
efficiently. To this purpose we have isolated Pleurodeles
FGF2 sequences, analyzed the expression of this factor
during spinal cord regeneration, and investigated its pos-
sible role during the regeneration process. The data pre-
sented here suggest that FGF-2 does play a role in regenera-
tion in vivo and, at least at the early stages of regeneration,
appears to be important for proliferation of neural progeni-
tors.
MATERIALS AND METHODS
All chemicals were supplied by Sigma (Pool, Dorset, UK) unless
stated otherwise.
Copyright © 2000 by Academic Press. All rightAnimals and Surgery
All experiments were carried out on the adult urodele amphibia
P. waltl (pw) (supplied by Biopharm Technology Ltd., France).
Pleurodeles were maintained in the laboratory at 19–20°C and fed
daily with bloodworms. Tail amputation was performed in Pleu-
rodeles anesthetized in 0.1% tricaine (3-aminobenzoic acid ethyl
ester methanesulfonate salt) by transversally cutting the distal
third of the tail. Operated animals were maintained at 25°C and tail
blastemas harvested at different times after amputation. Blastemas
were either processed for in situ hybridization and immunocyto-
chemistry (see below) or rapidly frozen in liquid nitrogen and stored
at 270°C until used for RNA or protein extraction. In some
experiments, heparin acrylic beads 200–250 mm in diameter were
oaked in 0.2 or 0.4 mg/ml FGF-2 or in PBS (0.1 M phosphate-
uffered saline, pH 7.4) for at least 1 h at room temperature and
nserted at the tip of the regenerating ependymal tube at different
imes after tail amputation, as specified under Results. The effects
f 0.2 and 0.4 mg/ml on blastema growth were initially compared
nd since both doses produced the same effects, 0.2 mg/ml was
outinely used.
Cloning and Analysis of Pleurodeles FGF-2
by RT-PCR
Total RNA was isolated using RTI Reagent according to the
manufacturer’s instruction. RNA concentrations were measured
spectrophotometrically at 260 nm. To ensure that the RNA
samples were not contaminated with genomic DNA, polymerase
chain reaction (PCR) was carried out in these samples with the
same primers used to amplify the cDNA obtained by reverse
transcription (RT, see below). No amplified band was ever ob-
served.
Reverse transcription was carried out in the presence of 1 mg of
NA, 13 first-strand buffer (Gibco BRL, Paisley, UK), 0.5 mM each
NTP, 1 mM DTT, 10 U Moloney leukemia virus transcriptase
Gibco BRL), 1 U RNasin (Promega, Southampton, UK), 40 pmol
andom hexamers (Pharmacia, Hertfordshire, UK) in a total reac-
ion volume of 30 ml. The reaction was carried out as follows: 42°C
for 60 min, 95°C for 10 min, and then 4°C before storing at 220°C.
The cDNA was then used as a template for PCRs.
cDNA synthesized from total brain RNA was used to clone
Pleurodeles FGF-2. For further analysis of FGF-2 expression, cDNA
as prepared from normal and regenerating tissues obtained as
escribed above. To isolate Pleurodeles FGF-2, oligonucleotides
orresponding to a portion of the partial FGF-2 sequence of another
rodele amphibian, Cynops pyrrhogaster, were used. All the prim-
ers used in this study were designed using the PRIMER program
(version 0.5, written by Whitehead Institute for Biomedical Re-
search, 1991). The nucleotide sequence of the 59 primer is GAC-
CCAAGAGGCTGTACTGCA (nucleotides 1–21), and those of the
39 primers, used in separate reactions, are GTTGTTGGACTC-
CAGTCGCTC (nucleotides 251–231) and CAATCGGAGTATT-
TCCGTGATC (nucleotides 265–286). In each case the reaction
times were as follows: 28 cycles of 95°C for 5 min in the first cycle
and 45 s in the following cycles, 58°C for 45 s, 72°C for 1 min. The
predicted 252-bp PCR product obtained was amplified by the first
set of primers and ligated into pGEM-T vector (Promega) according
to the manufacturer’s instruction and sequenced using a Pharmacia
LKB, ALF DNA sequencer (Pharmacia). Sequence analysis was
carried out using GCG software (The Wisconsin Package, version
9).To carry out a semiquantitative analysis of the amount of FGF-2
s of reproduction in any form reserved.
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383FGF and Proliferation in Spinal Cord Regenerationtranscript present in different tissues, an equal amount of cDNA
from the same RT reaction was subjected to PCR using primers for
FGF-2 and the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) to normalize the RT-PCR. The nucleo-
tide sequences of the GAPDH primers which give a 148-bp
PCR product are 59-CGGAATCAACGGATTTGG-39 and 39-
GCGTCCATGGGTAGAGTCAT-59. The reaction times were as
follows: 24 cycles of 95°C for 5 min in the first cycle and 45 s in the
following cycles, 57°C for 45 s, 72°C for 1 min. In order to rule out
any template contamination, PCRs in the absence of primers were
run as negative controls. Half of the reaction product obtained from
the FGF-2 and GAPDH PCRs was loaded in the same lane of a 1.8%
agarose gel. Differences in FGF-2 mRNA levels were evaluated by
densitometric analysis of the gel bands using Phoretix software,
version 4.01 (Phoretix International, Newcastle, UK) and normal-
ized using GAPDH expression. Each experiment was repeated three
times.
In Situ Hybridization
All tissues were fixed in 4% paraformaldehyde in PBS overnight.
After fixation normal tails were decalcified by treatment with 0.5
EDTA, pH 7.4, at 4°C for 3–4 days before further processing. Fixed
tissues were dehydrated in graded ethanol and embedded in paraffin
wax, and 7- to 8-mm sections were cut and placed on slides coated
ith 3-aminopropyltriethoxysilane.
In situ hybridization to detect FGF-2 transcripts was essentially
erformed as previously described (Nieto et al., 1996; Ferretti and
hosh, 1997). Digoxigenin-labeled riboprobe was synthesized from
he pGEM-T vector containing the pwFGF-2 sequence using DIG
RNA labeling mix according to the manufacturer’s instruction
(Boehringer Mannheim, Sussex, UK). The riboprobe was heated at
68°C for 5 min, cooled in ice, diluted to a concentration of 200
ng/ml in hybridization solution (50% deionized formamide, 53
SSC, 100 mg/ml denatured salmon sperm, 53 Denhardt’s solution,
10% dextran sulfate), and applied to the sections. The slides were
covered with a coverslip and hybridized at 60°C overnight. They
were washed in 25% formamide, 23 SSC, 0.1% SDS until the
coverslips fell off and then twice in the above solution at 55°C for
30 min, once in 0.23 SSC, 0.1% SDS at 60°C for 30 min, and once
in 0.13 SSC, 0.1% SDS at 60°C for 30 min. After this high-
stringency wash sections were incubated with 15 mg/ml RNase A
for 30 min at 37°C, rinsed with PBS, and incubated with a blocking
solution (0.1% Tween 20, 2 mM levamisole, 0.1 M Tris/HCl, pH
7.5, 0.15 M NaCl) containing 10% sheep serum for 1 h. Sections
were then incubated for 1 h with an alkaline phosphatase-
conjugated anti-digoxigenin antibody (Boehringer Mannheim) di-
luted 1:1000 with blocking solution containing 5% serum. Un-
bound antibody was removed by several washes with 13 PBS, 0.1%
Tween 20 and sections were equilibrated with buffer containing 0.1
M Tris/HCl, pH 9.5, 50 mM MgCl2, 0.1 M NaCl, 2 mM levamisole,
.1% Tween 20. Bound anti-digoxigenin antibody was detected
sing the alkaline phosphatase substrate nitroblue tetrazolium and
-bromo-4-chloro-3-indolyl phosphate (Promega). Color develop-
ent was allowed to proceed in a humid chamber in the dark for
–20 h (usually overnight).
Western Blotting Analysis
Normal tails and tail blastemas were homogenized in lysis buffer
(50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 0.1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate) containing p
Copyright © 2000 by Academic Press. All rightprotease inhibitors (1 mM sodium orthovanadate, 100 mg/ml phe-
nylmethylsulfonyl fluoride, 30 ml/ml aprotinin). The homogenates
were spun at 12,000 rpm for 20 min, at 4°C. Supernatants, which
contain the FGF-2 protein, were collected and stored at 270°C in
small aliquots. Protein concentration in the supernatants was
measured using the BCA protein assay kit (Pierce, Chester, UK).
Proteins were separated by SDS gel electrophoresis using a 5%
stacking gel and a 12% separating gel (Protogel; National Diagnos-
tics, Atlanta, GA). Blastema supernatant proteins (80 mg/lane), 0.5
g/lane of purified human FGF-2, and 5 ml/lane of Rainbow colored
olecular weight markers (Amersham, Buckinghamshire, UK)
ere used. The proteins were then transferred to a Hybond-C
embrane (Amersham). Membranes were placed overnight in
locking solution (5% Marvel, 0.3% Tween 20 in PBS) and then
ncubated at 4°C for 2 h with anti-FGF-2 monoclonal antibody
Transduction Laboratories, Mamhead, UK) diluted 1:1000 in
locking solution. Membranes were washed three times in block-
ng solution and then incubated for 1 h with a peroxidase-
onjugated goat anti-mouse antibody (DAKO, High Wycombe, UK)
iluted 1:1000 in blocking solution. After three washes in PBS, the
ositive signal was detected with the enhanced chemilumines-
ence reagent kit (ECL; Amersham).
Immunohistochemistry
Tissues for immunohistochemistry were fixed, embedded, and
cut as described for in situ hybridization. All antibodies used were
iluted in PBS containing 10% goat serum. Controls in which the
rimary antibody was either omitted or substituted with a mouse
gG were carried out and were always negative. After rehydration,
ections were microwaved for 8 min in 0.01 M citric acid buffer, pH
.0, and treated with 1% hydrogen peroxide for 10 min to block
ndogenous peroxidase whenever the horseradish peroxidase detec-
ion method was going to be used. After being blocked in 10% goat
erum for 1 h sections were incubated sequentially with avidin D
nd biotin solutions (Vector, Peterborough, UK) for 15 min to block
ny endogenous avidin/biotin activity. Protein Block Serum-Free
olution (DAKO) was applied to the sections for 10 min. The
ections were then incubated overnight at 4°C, with the primary
ntibody. The antibodies used were an anti-FGF-2 monoclonal
ntibody (Transduction Laboratories; 1:100), a monoclonal anti-
ody against the proliferation cell nuclear antigen (PCNA; Santa
ruz Biotechnologies, London, UK; 1:100), and a polyclonal anti-
ody against the phosphorylated form of histone 3 (H3), which is a
itosis marker (Upstate Biotechnology, Boston, MA; 1:800). After
hree washes with PBS, sections were incubated for 1 h with a goat
nti-mouse FITC-conjugated antibody (DAKO; 1:40) for PCNA
etection, with an anti-rabbit FITC-conjugated antibody (The Jack-
on Laboratory, Bar Harbor, ME; 1:100) for H3 detection, and with
goat anti-mouse biotinylated antibody (DAKO; 1:600) for FGF-2
etection. After incubation with the biotinylated secondary anti-
ody, sections were washed with PBS and incubated with
treptavidin/biotinylated horseradish peroxidase (DAKO) for 30
in. Peroxidase activity was detected by using 3,39-
iaminobenzidine as a substrate.
Sections processed for in situ hybridization and immunocyto-
hemistry were viewed with Nomarski, bright-field, and epifluo-
escence optics using a Zeiss Axiophot microscope. Images were
ither recorded photographically or captured electronically using a
ontron ProgRes 3012 digital camera. Figure montages were com-
iled using Adobe PhotoShop.
s of reproduction in any form reserved.
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384 Zhang, Clarke, and FerrettiRESULTS
FGF-2 Expression in Normal and Regenerating
Spinal Cord
The partial sequence of P. waltl FGF-2 (named pwFGF-2)
that we have isolated by RT-PCR spans a region of the
molecule containing the binding site for FGFR and heparin
and the protein kinase C phosphorylation site (Fig. 1A).
Sequence comparison (Figs. 1B and 1C) with Cynops and
human FGF-2 shows a very high conservation of pwFGF-2
not only at the amino acid level (98 and 89% identity with
Cynops and human, respectively) but also at the nucleotide
level (98 and 81% identity with Cynops and human, respec-
tively). Surprisingly, the percentage of amino acid identity
between Pleurodeles and trout FGF-2 is only 67%.
FIG. 1. Comparison of cloned partial sequence of pwFGF-2 with
apanese newt (Cynops pyrrhogaster) FGF-2. (A) Schematic diagram
f the human FGF-2 protein; the position of Pleurodeles FGF-2
artial sequence isolated is indicated by a thick line (pwFGF-2). (B)
lignment of the partial nucleotide sequence of pwFGF-2 with the
orresponding regions of FGF-2 from Cynops and human. Nucleo-
ide identity between sequences is indicated by a dot. (C) Align-
ent of the deduced amino acid sequence of pwFGF-2 with
ynops, human, and trout FGF-2. Amino acid identity between
equences is indicated by a dot.To start to address the issue of whether FGF-2 plays a role 0
Copyright © 2000 by Academic Press. All rightn regeneration, expression of FGF-2 mRNA was assessed in
ormal tail and at different times following tail amputation
y semiquantitative RT-PCR analysis. As shown in Fig. 2,
GF-2 mRNA levels are up-regulated in the regenerating
ail blastema compared to normal tail. An increase in FGF-2
xpression was already apparent 1 week after amputation.
he highest level of expression, over threefold that of
ormal tail, was observed in 15-day blastemas and was
eclining 21 days following tail amputation (Fig. 2).
In order to assess whether the increase in FGF-2 tran-
script observed in the whole tail blastema by RT-PCR
reflected an up-regulation of FGF-2 in the regenerating
spinal cord, we studied its expression by in situ hybridiza-
tion. In normal spinal cord FGF-2 mRNA expression was
not observed in the ependymal cells lining the central
canal, but was present in a subset of neurons, some of
which are likely to be motor neurons on the basis of their
location and morphology (Fig. 3A). In contrast, the FGF-2
transcript was expressed in ependymal cells of regenerating
tails 1 week after amputation (Fig. 3B). At 2 weeks FGF-2
FIG. 2. Expression of FGF-2 mRNA in normal tail and regenerat-
ng tail blastemas at different times after tail amputation. (A) Size
ractionation in agarose gel of PCR products of FGF-2 and GAPDH
rom the same RT-PCR. (B) Bar chart showing the relative levels of
xpression of the FGF-2 transcript normalized with GAPDH. The
evels of FGF-2 mRNA in regenerating tail blastemas are signifi-
cantly different from those of controls at all times as evaluated by
Student’s t test; P values range between 0.01 (7-day regenerates) and
.0002 (15-day regenerates).
s of reproduction in any form reserved.
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385FGF and Proliferation in Spinal Cord Regenerationexpression in the ependymal cells was still high (Fig. 3C).
By this stage the more proximal levels of the regenerated
cord are forming an intermediate (mantle) layer of cells
outside the ependymal zone. These cells appear to be
FIG. 3. Localization of FGF-2 mRNA in cross sections of normal
ells are dark blue; dorsal is up. (A) Normal spinal cord. FGF-2 mRN
ells (asterisk) lining the central canal. (B) One-week regenerate. A
igh levels of FGF-2 mRNA are detected in the ependymal cells b
xpression of FGF-2 is still high in the cytoplasm of ependymal ce
rrow). (D) Three-week regenerate. Expression of FGF-2 in the epen
xpressed in a subset of more mature neurons and in the dorsal ro
IG. 4. Expression of b3-tubulin in normal and regenerating spin
b3-tubulin is detected in most neurons. (B) In 2-week blastema, ce
ndicating that they are newborn neurons. Scale bars, 50 mm.newborn neurons, as most of them express the neuronal
Copyright © 2000 by Academic Press. All rightarker b3-tubulin (Fig. 4). FGF-2 mRNA was detected in
some of these cells (Fig. 3C) and in regenerating sensory
root ganglia (not shown; see immunocytochemistry in Fig.
6F). At 3 weeks expression in the ependymal tube was
egenerating spinal cord using a digoxigenin-labeled probe; positive
expressed in a subset of neurons (arrow), but not in the ependymal
s stage the cord is regenerating a simple tube of ependymal cells.
ppear to be excluded from their nuclei. (C) Two-week regenerate.
e transcript is also detectable in putative newborn neurons (black
al cells is lower than at earlier stages of regeneration. FGF-2 is also
nglion (arrow). Scale bars, 50 mm.
rd; positive cells are brown; dorsal is up. (A) In normal spinal cord
the mantle layer of the regenerating cord are b3-tubulin-positive,and r
A is
t thi
ut a
lls; th
dym
ot ga
al co
lls indeclining, but clearly present in differentiating cells of the
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightregenerating cord and in sensory ganglia (Fig. 3D). These
results indicate that the ependymal cells are a source of
FGF-2.
To compare the pattern of expression of the FGF-2
protein and transcript, we carried out immunocytochemis-
try on sections of normal and regenerating tails using an
anti-FGF-2 monoclonal antibody which recognizes all the
human FGF2 isoforms. The cross-reactivity and specificity
of this antibody was assayed by Western blotting on tail
blastema protein extracts (Fig. 5). A single band of 18 kDa,
which is the low-molecular-weight isoform of FGF-2, was
detected in 2- and 3-week regenerated tail blastemas. This
shows not only that this antibody cross-reacts with Pleu-
rodeles FGF-2 and is highly specific, but also that only one
FGF-2 isoform is present in this species.
The spatiotemporal distribution of the FGF-2 protein was
examined in normal spinal cord (Fig. 6A) and in serial
sections of regenerating cord, from the tail stump to the tip
of the regenerate, at different times after tail amputation
(Figs. 6B–6F). No significant FGF-2 immunoreactivity was
detectable in normal spinal cord with the exception of
ventrolateral neurons (Fig. 5A). Three days after tail ampu-
d regenerating spinal cord 3 (C), 7 (D and E), and 14 (F) days after
l cord. No significant FGF-2 immunoreactivity is present in the
s (arrows). (B) Schematic drawing of a longitudinal section through
ple cuboidal epithelium and their radial processes that reach out
cate approximate levels of the sections shown in (C) and (E). (C)
enerating ependymal tube. Protein appears to be restricted to the
oximal section: FGF-2 is expressed in most cells of the ependymal
w cells of the terminal vesicle. (F) Two-week regenerate. FGF-2 is
orn neurons (black arrows) and sensory ganglia (arrowhead). ScaleFIG. 5. Detection of FGF-2 in regenerating tail blastemas by
estern blot. Total protein extracts from 2- and 3-week tail
lastemas (80 mg/lane) and purified human FGF-2 protein (0.5
ng/lane) were used. FGF-2 was detected by using an anti-human
FGF-2 monoclonal antibody. A single band of 18 kDa was clearly
visible in all lanes. The positions of the molecular weight standardsFIG. 6. Expression of FGF-2 protein in cross sections of normal (A) an
amputation. Positive staining is brown; dorsal is up. (A) Normal spina
ependymal cells, but FGF-2 reactivity is detectable in a subset of neuron
an early spinal cord regenerate. The ependymal cells are shown as a sim
to the pial surface have been omitted for simplicity. Arrowheads indi
Three-day spinal cord regenerate. FGF-2 is clearly expressed in the reg
cytoplasm and excluded from the nucleus. (D) One-week regenerate, pr
tube. (E) One-week regenerate, distal section. FGF-2 is expressed in a fe
still expressed in the ependymal cells; staining is also observed in newbs of reproduction in any form reserved.
mal
387FGF and Proliferation in Spinal Cord Regenerationtation, the ependymal tube was sealed (Fig. 6B) and FGF-2
was detectable in the cell body and processes of the ependy-
mal cells caudal to the amputation plane (Fig. 6C). One
week after amputation strong immunoreactivity was
present in the cell bodies and processes of ependymal cells
(Fig. 6D). Some mesenchymal cells in the tail blastema
were also FGF-2-positive, but they were less strongly
stained than the ependymal cells. In 2-week tail blastemas
FGF-2 was still detectable in ependymal cells (Fig. 6F). In
addition, FGF-2 immunoreactivity was observed in new-
born neurons and in the dorsal root ganglia, particularly in
more cranial sections as neural differentiation is more
advanced closer to the amputation level. The expression of
FGF-2 protein paralleled that of the transcript; as regenera-
tion progressed FGF-2 levels in the ependymal tube de-
creased and, as in normal spinal cord, only a subset of
neurons was FGF-2-positive in the regenerated cord (not
shown).
Overall, the spatiotemporal distribution of FGF-2 indi-
cates that FGF-2 expression is triggered at the amputation
level in response to injury, is lower in the terminal vesicle
than in the other cells of the ependymal tube, and decreases
FIG. 7. Expression of PCNA in normal and regenerating spinal co
detected using a fluorescein-conjugated secondary antibody. (A) N
ependymal cells; the arrowheads indicate autofluorescent blood c
nuclei are present in the ependymal tube and in the surrounding bla
of the terminal vesicle (TV). Fewer positive cells are present in the
Two-week regenerate. Strong PCNA staining is present in the m
negative; PCNA expression is also observed in the mesenchyme an
indicates an autofluorescent blood cell. (E) Nomarski image of the
postmitotic, PCNA-negative neurons indicated in (D). (F) Three-w
ependymal tube are PCNA-positive and they are more weakly s
expressing PCNA at high levels are still observed in the mesenchyas differentiation progresses.
Copyright © 2000 by Academic Press. All rightRole of FGF-2 in Neural Progenitor Cell
Proliferation during Spinal Cord Regeneration
We wished to explore the possibility that expression of
FGF-2 may be associated with proliferation in vivo, as
FGF-2 has been shown to play an important role in main-
taining cell division in neural progenitors in vitro. The first
step was to establish whether there is a correlation between
FGF-2 expression and proliferating cells in the ependymal
tube. In order to monitor cell proliferation in the regener-
ating spinal cord, we initially used an anti-PCNA antibody
and monitored its expression in normal and regenerating
tails at different craniocaudal levels. As shown in Fig. 7A,
only rare PCNA-positive nuclei were observed in normal
spinal cord, mainly in cells lining the central canal. A few
stained nuclei were present 3 days after amputation (not
shown) and at 1 week most ependymal cells in blastema
sections close to the amputation plane were brightly
stained (Fig. 7B). PCNA-positive cells were present also in
the blastema mesenchyme and in the epidermis. At the
distal tip of 1-week regenerates, the terminal vesicle ap-
peared to contain PCNA-labeled cells, but their number
alyzed by immunocytochemistry; bound anti-PCNA antibody was
l spinal cord. PCNA staining is only found in the nuclei of a few
(B) One-week regenerate, proximal section. Many PCNA-positive
a mesenchyme. (C) One-week regenerate, distal section at the level
arged terminal vesicle compared to the ependymal tube in (B). (D)
ty of ependymal cells, but the newly born neurons (arrows) are
he regenerating cartilage (Ca) of the vertebral body; the arrowhead
ion shown in (D). The black arrows point to the nuclei of the two
blastema. Only a few cells in the lateral and dorsal side of the
d than the ependymal cells in 1- and 2-week regenerates. Cells
tissues of the regenerating tail. Scale bars, 50 mm.rd an
orma
ells.
stem
enl
ajori
d in t
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tainewas lower than at more proximal levels (Fig. 7C). After 2
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388 Zhang, Clarke, and Ferrettiweeks regeneration some differentiation was observed and
while PCNA expression was still high in the ependymal
cells, putative newly born neurons were negative (Figs. 7D
and 7E). In the ependymal tube the proliferative activity
declined with the progression of regeneration and by 3
weeks both the number of positive nuclei and their bright-
ness had significantly decreased (Fig. 7F). No PCNA reac-
tivity could be detected in newly differentiated neurons.
Therefore, it appears that the pattern of PCNA expression
in the ependymal tube closely parallels that of FGF-2.
To gain further insight into the proliferative role of FGF-2
in spinal cord regeneration, we implanted beads soaked in
FGF-2 protein in the regenerating tail. In this set of experi-
ments one FGF-2-soaked bead was implanted at the tip of
the ependymal tube at 3 days after tail amputation and a
second one at 9 days. Blastemas containing FGF-2 beads
were examined 15 days after amputation and were found to
be of normal morphology. Some were larger than the
control blastemas although this was difficult to quantify
due to the variability between specimens. In order to assess
more specifically whether there were changes in the growth
FIG. 8. Effect of FGF-2 on cell division in regenerating spinal cord
ependymal tube 3 days after tail amputation. The presence of mi
Representative section of regenerating spinal cord adjacent to a PB
section of regenerating spinal cord close to a FGF-2 bead (dotted lin
H3-positive cells in sections from four PBS- and five FGF-treate
H3-positive cells per section of regenerating spinal cord; cells were
12 and 16 sections per blastema). The occurrence of H3-positive cell
s evaluated by Student’s t test. Scale bars, 50 mm.of the ependymal tube and obtain more quantitative results, b
Copyright © 2000 by Academic Press. All righte decided to quantify dividing cells in control and FGF-
reated ependymal tubes at earlier stages of regeneration,
efore significant differentiation begins. In these experi-
ents one FGF-2-soaked bead was implanted at the tip of
-day ependymal tubes and blastemas were harvested 9
ays after tail amputation. We stained serial sections from
ontrol and FGF-2-treated blastemas with an antibody
gainst the phosphorylated form of H3, which specifically
abels cells in phase M of the mitotic cycle. The anti-H3
ntibody therefore reacts with a much smaller population
f cells than the anti-PCNA antibody. Whereas a H3-
ositive nucleus was seldom observed in sections of regen-
rating ependymal tube from control animals, sections
rom FGF-2-treated animals usually contained one or more
tained nucleus (Fig. 8A). When the H3-positive nuclei were
ounted in the sections next to the implanted bead (be-
ween 12 and 16 sections per regenerating spinal cord), we
ound that there were more cells in M phase in FGF-2-
reated than in control ependymal tubes, and this difference
as statistically significant (Fig. 8B). These data indicate
hat ependymal cells respond to exogenously applied FGF-2
ther a PBS- or a FGF-2-soaked bead was implanted at the tip of the
cells was assessed by H3 reactivity 9 days after amputation. (A)
d. No H3 reactivity is seen in the neural tube. (B) Representative
hree H3-positive cells are found in the neural tube. (C) Analysis of
enerating cords; the histograms represent the means 6 SEM of
ted in the region where the implanted bead was located (between
ignificantly higher in FGF-treated cords than in controls (P 5 0.026)s. Ei
totic
S bea
e). T
d reg
coun
s is sy increasing their mitotic activity.
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389FGF and Proliferation in Spinal Cord RegenerationDISCUSSION
Pleurodeles FGF-2
We have isolated a partial sequence of pwFGF-2 by
RT-PCR. Analysis of the nucleotide and amino acid se-
quences confirms that FGF-2 is highly conserved in Pleu-
rodeles compared to human FGF-2. Interestingly, the FGF-2
sequence we have isolated from Pleurodeles presents a
higher percentage of identity at the amino acid level with
human than with trout FGF-2. In humans there are three
high-molecular-weight isoforms (20, 22.5, and 24 kDa) and
one low-molecular-weight isoform (18 kDa) of FGF-2. Al-
though the antibody we used in this study reacts with both
high- and low-molecular-weight FGF-2 isoforms, we found
that only the low-molecular-weight isoform is present in
Pleurodeles tail blastema (this paper) and brain (not shown)
as indicated by Western blotting analysis. Translation of
only the 18-kDa FGF-2 isoform, which is initiated at the
AUG rather than the CUG start codon, has been previously
reported in fish (Hata et al., 1997). Interestingly, the AUG-
initiated isoform has predominantly cytoplasmic rather
than nuclear localization (Arese et al., 1999; Dono et al.,
1998), and this is consistent with the cellular distribution of
FGF-2 protein we have observed in the regenerating spinal
cord and in other Pleurodeles tissues (not shown).
FGF-2 Is Up-regulated in the Regenerating Spinal
Cord
The central canal of the spinal cord in urodeles is lined
with ependymal cells, many if not all of which retain a
radial glia-like morphology that spans the cord from central
canal to pial surface (Holder et al., 1990). These cells are
hought to hold the key to regeneration by retaining the
bility to migrate and multiply into the blastema of an
mputated tail and thus form a new neural tube. This early
egenerating structure is called the ependymal tube and is
nitially a simple pseudostratified epithelium lining a cen-
ral canal and closely resembles an embryonic neural tube
Nordlander and Singer, 1978).
Details of the developmental potential and behavior of
ells that form the regenerating ependymal tube are still
ather sketchy, but recent evidence using cell lines derived
rom urodele spinal cord and from lineage tracing experi-
ents in vivo suggest that some adult spinal cord cells
etain the potential to generate neural crest derivatives in a
egenerating tail blastema (Benraiss et al., 1996, 1997).
Recent studies have described the expression of the tran-
scription factors Dlx-3 and Nkx-3 in the regenerating cord
f Pleurodeles and it is anticipated that these factors could
lay a role in determining cell identity in the new structure
Nicolas et al., 1996, 1999). Dlx-3 appears to be expressed in
the ventrolateral region of the regenerating cord and it has
been suggested that Dlx-3 may label cells which will
migrate along the developing ventral roots to give rise to the
sensory ganglia (Geraudie et al., 1988; Nicolas et al., 1996).Here we provide the first evidence for the distribution
Copyright © 2000 by Academic Press. All rightnd function of a growth factor in the cells of the regener-
ting ependymal tube. We have shown that the ependymal
ells of the normal adult cord do not express FGF-2, but that
oth FGF-2 mRNA and protein are observed in the cells
orming the ependymal tube by 3 days after tail amputation.
ur studies demonstrate that FGF-2 is up-regulated in
esponse to spinal injury and its expression gradually de-
reases with the onset of differentiation in the regenerated
ord. As in the normal spinal cord, FGF-2 is later expressed
n some neurons of the regenerated cord. This expression
attern suggests that FGF-2 may play a role both in the
arly stages of regeneration and in the differentiation or
aintenance of the differentiated state of a subset of
eurons. This is the first demonstration that FGF is up-
egulated in vivo following injury in cells which have the
otential to regenerate the spinal cord. Analysis of FGF-2 in
ther species has shown that this factor is expressed in the
mbryonic neural tube, though there are some discrepan-
ies in its distribution possibly due to the different tools
sed in different studies (Savage and Fallon, 1995; Zuniga
ejia Borja et al., 1996). Therefore it appears that FGF-2 is
mportant during both development and regeneration of the
ervous system.
FGF-2 Stimulates Ependymal Cell Proliferation
The ependymal cells of the regenerating neural tube are
morphologically and functionally equivalent to the ventric-
ular zone cells of the developing neural tube in the embryo.
They are a proliferative population of cells that are respon-
sible for the growth of the regenerating cord. The strong
expression of FGF-2 in these cells during the first 3 weeks of
regeneration suggests that this growth factor may be re-
sponsible for up-regulating and/or maintaining their prolif-
erative ability. A role for FGF-2 in cell proliferation during
spinal cord regeneration is supported by the results ob-
tained when FGF-soaked beads were implanted adjacent to
the ependymal tube in the regenerating tail. In the presence
of exogenous FGF-2 the morphology of the regenerating
cord remained normal; however, our analysis of dividing
cells using the proliferation marker H3 showed that FGF-2
significantly increases the number of H3-positive cells in
the ependymal tube. All together, the demonstration that
FGF-2 expression is induced after injury, the expression
data, and the FGF-bead implantation experiments strongly
support the view that one important role of FGF-2 during
spinal cord regeneration in Pleurodeles is to induce prolif-
eration of neural progenitor cells.
Further support for a role for FGF-2 in proliferation comes
from our observations on the terminal vesicle of the
ependymal tube. Previous work has recorded various levels
of cell division in the terminal vesicle. Earlier studies
counting mitotic figures generally suggest that the cells of
the terminal vesicle undergo rather little division (Egar and
Singer, 1972; Holtzer, 1956; Iten and Bryant, 1976; Nord-
lander and Singer, 1978), while a more recent study using
incorporation of BrdU suggests that most cells in the vesicle
s of reproduction in any form reserved.
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390 Zhang, Clarke, and Ferrettiare mitotically active (Benraiss et al., 1997). By monitoring
he expression of PCNA we also show that some cells in the
erminal vesicle are proliferating, although the proportion
f cells that express PCNA appears to be lower than in the
est of the regenerating ependymal tube. We also find that
he expression of FGF-2 is lower in the terminal vesicle
han in the more cranial ependymal cells and this would be
onsistent with our suggestion that ependymal prolifera-
ion is linked to FGF-2 expression.
The proposed role for FGF-2 in proliferation of ependymal
ells is consistent with numerous in vitro studies showing
key role for this growth factor in supporting proliferation
f both embryonic and adult neural progenitors in vitro
Kalyani et al., 1997, 1999; Shihabuddin et al., 1997;
escovi et al., 1993). In addition, there is some evidence
hat exogenous FGF-2 can expand the progenitor cell popu-
ation in the subventricular zone of normal rat brain (Kuhn
t al., 1997).
It seems unlikely that endogenous and exogenous FGF-2
rimarily induce proliferation of the ependymal cells indi-
ectly through an effect on the surrounding blastema cells,
hough at present it is not possible to fully rule out this
ossibility. FGF-2 is a heparin binding growth factor and is
equestered by the extracellular matrix. As observed by us
nd other authors in different systems, FGF-2 immunore-
ctivity after implantation of FGF-soaked beads is restricted
o the area surrounding the bead, and it can be inferred that
he same is true for FGF-2 secreted by the ependymal cells
hemselves. The fact that both FGF-2 mRNA and protein
re up-regulated in the ependymal tube, and that these cells
xpress FGFRs (Zhang et al., 1999; Zhang et al., in prepa-
ation), suggests that FGF-2 is likely to act predominantly
ia an autocrine mechanism. This is consistent with the
act that the FGF-2 isoform found in the regenerating
leurodeles cord is the 18-kDa form. This low-molecular-
eight FGF-2 can be secreted and has been shown to induce
roliferation and other cellular activities by interacting
ith the cell surface high- and low-affinity receptors (Flor-
iewicz et al., 1995; Gomez Pinilla et al., 1997; Mignatti et
l., 1991). This is in contrast to the high-molecular-weight
soforms which appear to induce proliferation through an
ntracellular mechanism (Arese et al., 1999).
Axolotl ependymal tube explants in culture seem to be
ore responsive to epidermal growth factor (EGF) than to
GF (Chernoff et al., 1990). Under these culture conditions
GF can stimulate both mitotic and migratory behavior
O’Hara and Chernoff, 1994). The lack of responsiveness to
GF of axolotl cells in vitro may be due to the FGF
oncentration used in these experiments, to a species dif-
erence, or to the lack in vitro of a factor or cellular
interactions present in vivo and required for FGF signaling.
Nonetheless, this different response to FGF in vitro raises
the possibility that in Pleurodeles although FGF-2 is suffi-
cient to stimulate ependymal cell proliferation, it may not
normally be acting alone. Unfortunately there is at present
no data on EGF expression or function during Pleurodeles
tail regeneration.
Copyright © 2000 by Academic Press. All rightIn conclusion, the results presented here suggest that
GF-2 plays a role both in the early stages of regeneration,
articularly in proliferation of neural progenitors and main-
enance of the undifferentiated state, and in the differentia-
ion and maintenance of a subset of neurons.
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